The objective of this study was to define pretransplant islet culture conditions for optimum tissue engraftment in the rat islet allotransplantation model. Lewis rat islets were cultured in TCM 199/5% fetal calf serum for 1 day at 37°C, followed by 1 day of culture at 22°C. When islets from single donors were allotransplanted intraportally into single streptozotocin-diabetic Wistar-Furth rats, complete normoglycemia was restored within 1 day after transplantation in seven out of seven rats, and persisted up to immunological rejection about 1 week later. In five out of six rats receiving a posttransplant injection of antilymphocyte serum, plasma glucose was normalized for >100 days. These data demonstrate, for the first time, successful single-donor-to-single-recipient transplantation of allogeneic rat pancreatic islets. Because islet engraftment may still be regarded as a main problem for clinical islet transplantation, the pretransplant islet culture regimen outlined in this article may lead to a more efficient use of donor pancreatic islet tissue in the clinical setting, as well.
INTRODUCTION
In the streptozotocin (STZ)-diabetic rodent model, successful single-donor-to-single-recipient islet trans-Islet mass is a critical point for islet transplantation plantation with prompt reversal of the diabetic state has aimed at normalizing blood glucose in diabetic recipipreviously been demonstrated for the syngeneic situaents. In most type I diabetic patients receiving islets tion (17) (18) (19) . Additionally, complete reversal of diabefrom one or more donors, graft function can be demontes by transplantation of a single syngeneic fetal rat strated for prolonged periods by measurement of plasma pancreas was achieved (4, 23) . In mice, syngeneic trans-C-peptide levels. However, International Islet Transplant plantation of one fetal pancreas (21) , or even of a tissue Registry data for islet transplantations carried out beamount as small as one third of a pancreas (20) , was tween 1990 and 1999 demonstrate that less than 10% of shown to be sufficient to reverse diabetes. Yet, to the the type I diabetic recipients of islet grafts could stop best of the authors' knowledge, single-donor-to-singleinsulin injections (3). Clearly, the islet mass transplanted recipient transplantation has never been described for rat and successfully engrafted was not sufficient to meet the islet allotransplantation. In this model, islets from two demand for insulin in most of these patients. Because to four donor animals are usually needed to cure diabelong-standing autoimmune type I diabetes presents many tes. The aim of this study was to investigate whether an obstacles to successful islet engraftment and β-cell funcimproved protocol for rat islet isolation and pretranstion (11), metabolically sufficient islet graft function has plant culture would make it possible to cure STZ-diabeen more consistently observed in human subjects with betic rats by transplanting islets from the pancreas of a nonautoimmune diabetes (3).  single allogeneic adult donor. 514   JAHR ET AL. ial, Hallbergmoos, Germany) were distended, via the Endotoxin Determinations pancreatic duct, with 12 ml Hank's solution containing Endotoxin levels were determined with a high sensi-1.7 mg/ml collagenase (Serva, Heidelberg, Germany), tivity version of the chromogenic Limulus amebocyte and then slowly shaken (80 cycles/min) at 37°C in a lysate (LAL) assay from BioWhittaker (Walkersville, water bath, together with additional 3 ml of the colla-MD). In all solutions used for islet isolation and culture, genase solution. The shaking process was interrupted endotoxin levels were <0.01 ng/ml, with the exception three times (at minutes 3, 6, and 9) by 1-min periods of of the collagenase solution. Endotoxin content of the intense agitation on a Vortex mixer. After a total incubacollagenase used in this study was 0.2 ng/mg [i.e., a tion period of 22 min, the tissue was again treated by rather low value compared with the considerably higher Vortex mixing, washed twice (84 g, 5 min) with 40 ml concentrations found in some other commercial collaice-cold Hank's solution, and then placed on a Ficollgenase samples (15)]. To determine the presence of is-Histopaque gradient. To prepare the gradient, a bottom let-associated endotoxin, batches of 400 islets each were layer of Ficoll 1.100 g/ml (Biochrom, Berlin, Germany) sonicated in 200 µl of endotoxin-free aqua dest.; then was overlaid with HISTOPAQUE (1.077 g/ml, Sigma, 3 × 50 µl each of these suspensions were tested. St. Louis, MO), and then with HISTOPAQUE predi-Preparation of Spleen Cells luted with Hank's solution to 1.040 g/ml. After centrifuging (716 × g, 12 min, 4°C), the islets were removed Spleens were aseptically removed from male adult from the HISTOPAQUE 1.077/1.040 interface, washed Lewis rats, the tissue was squeezed through nylon twice with Hank's solution, resuspended into culture gauze, and cells were collected in serum-free TCM 199. medium, and handpicked under a stereo microscope After centrifugation (681 × g, 10 min, 4°C), erythrocytes with dark-field illumination. Culture medium was TCM in the cell pellet were lysed by agitation for 30 s in ice-199 (without carbonate, Gibco, Parsley, Scotland), supcold aqua dest. After two washing steps (TCM 199, plemented with 5% FCS, 2 mmol/L N-acetyl-L-alanyl-681 × g, 10 min), cells were resuspended in serum-free L-glutamine, 20 mmol/L HEPES (pH 7.4), 100 IU/ml TCM 199. penicillin, and 0.1 mg/ml streptomycin (all supplements Diabetes Induction, Transplantation of Islets, and purchased from Biochrom). No carbonate was added to Metabolic Assessment this medium, which is in equilibrium with ambient air.
Islet recipients were male Wistar-Furth rats (RT1 u ), Finally, the islets from each single pancreas were susbody weight 215-245 g (Charles-River, Sulzfeld, Gerpended in 7 ml medium, and then cultured in noncoated many). Between 7 and 10 days before transplantation, petri dishes 8.5 cm in diameter (Greiner, Frickenhausen, the rats were made diabetic by IV (tail vein) injection Germany), stored in humidified air, first for 1 day at of 55 mg STZ (Serva) per kilogram body weight. The 37°C and then for 1 day at 22°C. animals had free access to water and pellets (Altromin, To estimate islet cell viability by the trypan blue ex-Lage, Germany), both before and after islet transplantaclusion test, batches of about 30 islets each were placed tion. Islets, together with 200 µl fresh culture medium, together with 50 µl culture medium into the wells of 96were aspirated into 1-ml syringes equipped with 25well flat-bottom plates (Falcon, Becton Dickinson, gauge needles, and then injected into the portal vein of Franklin Lakes, NJ). After addition of 10 µl trypan blue avertin-anesthetized (200 mg/kg body weight; Sigmasolution (0.4% in saline, Serva) to each well, the plates Aldrich, Steinheim, Germany) diabetic rats. In one of were gently shaken for 5 min at room temperature. Then the animal groups, 0.5 ml rabbit anti-rat antilymphocyte the tissue was washed twice by the addition of 200 µl serum (Accurate, Westbury, NY) was injected IP 1 day medium. The ratio between viable (nonstained) and dead after islet transplantation. No other antirejection drugs (blue-stained) cells was microscopically estimated for were given to the rats. Blood was collected daily each individual islet, and a mean value for all islets presbetween 0800 and 0900 h from the tail vein of nonanesent in a given well was calculated. As a second viability thetized animals, and plasma glucose levels were detertest (1), islets were gently shaken for 15 min in a mixmined by a Beckman Glucose Analyzer (Beckman Inture of 15 µM propidium iodide (Sigma) and 6.7 µM struments, Brea, CA). acridine orange (Sigma), and red and green fluorescence was detected by fluorescence microscopy. To detect RESULTS annexin binding to phosphatidyl serine on the plasma Islet Yield and Viability membrane, islets were shaken for 30 min in a solution of annexin V/FITC (BD Pharmingen, San Diego, CA;
From 700 to 900 islets, corresponding to 1700-2000 islet equivalents [islet mass normalized to islets of 150 final concentration 5 µg/ml) and then washed twice with culture medium before undergoing fluorescence micros-µm in diameter (24)], were consistently prepared from each donor pancreas. Islets were without obvious adher-copy. SINGLE DONOR ISLET ALLOTRANSPLANTATION 515 ent nonendocrine tissue. Endotoxin contamination of the transplanted after different pretransplant culture schedules is shown in Figure 2 . In contrast to transplantation islet preparations was 2 ± 1 pg/100 islets (mean value ± SE, n = 4). This rather low value further declined to less of 37°C/22°C cultured islets, the transplantation of either freshly isolated islets or islets cultured for 1 day at than 1 pg/100 islets after culture. Immediately after isolation, few (<3%) trypan blue-accumulating cells were 37°C led only to a moderate decline of plasma glucose levels. Plasma glucose levels were significantly (Mann-found located mainly at the outer rim of the islets. After 1-day culture at 37°C, the islets were practically free Whitney test) higher in rats transplanted with freshly isolated islets (p < 0.01 at posttransplant days 3 to 7) or from any trypan blue-stainable cells, and remained so after an additional 1-day culture period at 22°C, indicat-rats transplanted with islets precultured 1 day at 37°C (p < 0.01 at days 3 and 4), compared with rats trans-ing an absence of necrotic cells. Similar results were obtained when cell viability was assessed by the propid-planted with 37°C/22°C precultured islets.
To study whether one-to-one transplanted islets, pre-ium iodide/acridin orange method. As a positive control to prove the reliability of the methods used to detect cultured at 37°C/22°C, are able to function for extended time periods in allogeneic hosts, islets were transplanted islet core necrosis, islets were cultured for 2 days under intentionally ischemic conditions (10 mm distance from into six rats immunosuppressed by a single posttransplant shot of antilymphocyte serum. Again, plasma glu-the islets to the medium/air interface). In 55 ± 9% (mean value ± SE, n = 5) of these islets, especially in the large cose in each of these rats declined from a pretransplant mean value of 566 ± 30 mg/dl (n = 6) to normoglycemia ones, islet cores could be stained intensely with trypan blue, and 58 ± 8% (n = 5) of the islet cores could be (<150 mg/dl) within 1 or 2 days after islet transplantation. In one of the rats, islets were rejected at posttrans-stained with propidium iodide, respectively. In the islets nonischemically cultured for 2 days, annexin V/FITC-plant day 12, whereas the other rats remained normoglycemic for >100 days. Metabolic normalization in these positive cells were present at a frequency lower than 1 cell per 10 islets, indicating the nearly complete lack of rats was also supported by a weight gain from 213 ± 10 g (n = 5) at the day of transplantation to 336 ± 17 g (n = apoptotic cells detectable by the annexin assay (16).
In separate experiments, batches of 100 freshly iso-5) 100 days after transplantation. To prove that metabolic normalization was a function of the transplanted lated islets (two each from five different rats) were counted for IEQ, and then cultured for 1 day at 37°C, islets, graft rejection was induced by tail vein injection of 4 × 10 7 donor-type spleen cells. Within 1 week after followed by 1-day culture at 22°C. The number of islets recovered after culture was exactly the initial number. spleen cell injection, plasma glucose levels rose above 300 mg/dl, demonstrating that plasma glucose normal-Islet volume was counted as 339 ± 13 IEQ (n = 5) before culture and 334 ± 9 IEQ (n = 5) after culture, indicating ization was in fact graft mediated, and not caused by regeneration of the endogene pancreas. no significant difference. However, volume counting by the standard method (24) is never precise; therefore, the DISCUSSION possibility of a small loss of the volume of the individual islets during culture cannot be excluded.
In this study we showed that successful single-donorto-single-recipient transplantations are consistently pos-Transplantation Outcome sible in the rat islet allotransplantation model. Several technical achievements may be responsible for this Figure 1 shows the plasma glucose levels in STZdiabetic Wistar-Furth rats after intraportal injection of improvement. An important factor is an optimized islet isolation procedure, such as intraductal collagenase in-37°C/22°C cultured Lewis rat islets, isolated from a single donor pancreas per recipient. In each rat trans-jection (9,28), and the use of Ficoll-Histopaque gradients (29) . Low-endotoxin chemicals (15) were used be-planted, plasma glucose levels were normalized immediately after islet transplantation. As expected for this fully cause endotoxin, which is nontoxic to isolated islets, was proven to reduce the metabolic efficacy of a trans-MHC-incompatible strain combination with nonimmunosuppressed "immunological high responder" (RT1 u ) planted marginal islet mass (6), probably via the enhancement of inflammatory reactions at the graft site. rats (5,12) as islet recipients, the islets were rejected about 1 week after transplantation (plasma glucose val-Regarding islet culture medium, TCM 199/5% FCS (used in this study without the addition of carbonate) ues >300 mg/dl after 8.9 ± 0.7 days, n = 7). Islet graftmediated improvement of the metabolic situation was may be superior for rat islet culture, at least when compared with the widely used RPMI-1640/5% FCS me-corroborated by body weight. In the transplant recipients, mean body weight rose from 226 ± 5 g (n = 7) im-dium gasified with 95% air/5% CO 2 . Both media equally supported the viability of 37°C cultured islets, but TCM mediately before transplantation to 232 ± 4 g (n = 7) at postoperative day 6 (p < 0.01, paired Student's t-test).
199-cultured islets were less susceptible than RPMIcultured ones to islet cell-damaging effects of oxygen A comparison of the metabolic efficacy of islets 516 JAHR ET AL. Figure 1 . Plasma glucose levels in STZ-diabetic Wistar-Furth rats injected intraportally with islets derived from a single Lewis rat pancreas each. Islets were precultured 1 day at 37°C in TCM 199/5% FCS, followed by 1-day culture at 22°C. The shaded area represents plasma glucose levels ± SD in 14 nondiabetic control Wistar-Furth rats.
Figure 2.
Plasma glucose levels (mean values ± SE) in STZ-diabetic Wistar-Furth rats injected intraportally with islets derived from a single Lewis rat pancreas each. Islets were either transplanted as freshly isolated islets (I, n = 8), after 1-day culture at 37°C (G, n = 8), or after culture 1 day at 37°C, followed by 1-day culture at 22°C (L, n = 7). The shaded area represents plasma glucose levels ± SD in 14 nondiabetic control Wistar-Furth rats. in the islet cores when the islets either were cultured at 
